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Abstract: Because dragonflies are very sensitive to alien trees, we assessed their response to large-scale
restoration of riparian corridors. We compared three types of disturbance regime—alien invaded, cleared of
alien vegetation, and natural vegetation (control)—and recorded data on 22 environmental variables. The
most significant variables in determining dragonfly assemblages were percentage of bank cover and tree
canopy cover, which indicates the importance of vegetation architecture for these dragonflies. This finding
suggests that it is important to restore appropriate marginal vegetation and sunlight conditions. Recovery
of dragonfly assemblages after the clearing of alien trees was substantial. Species richness and abundance
at restored sites matched those at control sites. Dragonfly assemblage patterns reflected vegetation succes-
sion. Thus, initially eurytopic, widespread species were the main beneficiaries of the removal of alien trees,
and stenotopic, endemic species appeared after indigenous vegetation recovered over time. Important indi-
cator species were the two national endemics (Allocnemis leucosticta and Pseudagrion furcigerum), which,
along with vegetation type, can be used to monitor return of overall integrity of riparian ecology and to
make management decisions. Endemic species as a whole responded positively to restoration, which sug-
gests that indigenous vegetation recovery has major benefits for irreplaceable and widespread generalist
species.
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Recuperación de Libélulas Endémicas Después de la Remoción de Árboles Exóticos Invasores
Resumen: Debido a que las libélulas son muy sensibles a los árboles exóticos, evaluamos su respuesta a
la restauración a gran escala de corredores ribereños. Comparamos tres tipos de régimen de perturbación –
vegetación invadida por exóticas, vegetación liberada de exóticas y vegetación natural (control) – con datos
registrados sobre 22 variables ambientales. Las variables más significantes para la determinación de los
ensambles de libélulas fueron el porcentaje de cobertura ribereña y la cobertura del dosel de árboles, lo
que indica la importancia de la arquitectura de la vegetación sobres estas libélulas. Este hallazgo sugiere
que es importante restaurar las condiciones de la vegetación de las márgenes y la intensidad solar. La
recuperación de los ensambles de libélulas después de la remoción de los árboles exóticos fue sustancial.
La riqueza y abundancia de especies en los sitios restaurados fueron iguales que en los sitios control. Los
patrones del ensamble de libélulas reflejaron la sucesión de la vegetación. Por lo tanto, especies inicialmente
euritópicas, de distribución amplia, fueron las beneficiarias principales de la remoción de árboles exóticos,
y las especies estenot́ıpicas, endémicas, aparecieron después de la recuperación de la vegetación nativa. Dos
especies indicadoras importantes fueron las endémicas (Allocnemis leucosticta y Pseudagrion furcigerum), que
junto con el tipo de vegetación pueden ser utilizadas para monitorear el retorno de la integridad de la ecoloǵıa
ribereña y tomar decisiones de manejo. Las especies endémicas respondieron positivamente a la restauración,
lo que sugiera que la recuperación de la vegetación nativa tiene beneficios mayores para especies generalistas
irreemplazables y de distribución amplia.
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Introduction
Invasive alien organisms are among the greatest threats
to biodiversity (Wilcove et al. 1998). Along rivers, inva-
sive alien plants affect biodiversity by out competing in-
digenous species and reducing structural diversity of the
vegetation (Richardson & van Wilgen 2004). This results,
either directly or indirectly, in displacement of indige-
nous species and loss of rare species. Removal of these
alien plants should restore indigenous biodiversity and
therefore be of considerable conservation value.
Several dragonfly species are threatened worldwide,
mostly through habitat loss. Dragonflies can be particu-
larly vulnerable to habitat loss caused by invasive alien
plants, which can shade out their habitat (Samways
2007). These threatened species occur mostly in moun-
tainous regions of the Cape Floristic Region (CFR), which
is a center of endemism for dragonflies and for other
biota.
We focused on the large-scale removal of inva-
sive alien trees along river banks in the CFR hotspot
(Myers et al. 2000), where many localized endemic drag-
onfly species occur. We investigated these insects’ re-
sponses to changes in environmental variables associated
with restoration and changes in assemblage composition
in different vegetation types that represented stages in
the recovery of indigenous vegetation.
Methods
Study Area and Sites
Study sites were along five rivers (Molenaars, Holsloot,
Rondegat, Witte, and Dwars), where alien vegetation had
been removed from sections of their courses over at least
the previous 2 years. Along each river, three overall dis-
turbance regimes were identified: natural (indigenous ri-
parian vegetation), alien (invasive alien trees, mostly Aca-
cia mearnsii), and cleared (alien trees removed). We se-
lected five or six sites of each regime along each river as
our study sites (25 alien, 28 cleared, and 25 natural sites).
Each site ran along the bank of the river for 15 m and
was 2 m wide and extended 5 m out from the bank into
the water (i.e., total site quadrat size was 15 × 9 m =
135 m2). Sites were located at intervals of 20 m. We
sampled sites on a monthly basis from December 2003
through May 2004, which yielded 725 sampling units
(SUs). All sites were located in middle reaches of the
rivers.
Cleared sites varied in density of original alien inva-
sion and extent of recovery, which allowed identifica-
tion of influential environmental variables. Most natural
sites had indigenous riparian thicket of mostly Brabejum
stellatifolium and Metrosideros angustifolia, which we
refer to here as tall indigenous trees to distinguish them
from shorter indigenous bushes. Shading by these trees
limited the growth of the understory palmiet reed, Pri-
onium serratum, and grasses. Natural sites along the
Witte River were cleared in 1998; thus, we considered
them recovered and refer to them as near natural. Here,
dominant vegetation types were Prionium and short in-
digenous bushes. There were no natural sites along the
Dwars River, so this river was excluded from analyses of
pooled data.
Alien sites varied in density of alien invasion and, there-
fore, in factors such as shade, bank exposure, and pres-
ence of grasses, Prionium, and sedges. Alien sites along
the Molenaars and Witte rivers had dense stands of A.
mearnsii and over 70% canopy cover and shade. Hol-
sloot alien sites had been partially cleared on one bank
only and were more open and exposed and had 30–50%
canopy cover. Similarly, Dwars River alien sites had wide
cobbled floodplain areas separating alien trees from the
water’s edge, which reduced canopy cover, thus allow-
ing more exposure to sunlight and increased growth of
grasses and Prionium. Alien trees were mostly A. mearn-
sii and, to a lesser extent, A. longifolia and Eucalyptus
camaldulensis.
Sampling
We identified all adult male dragonfly individuals to
species. Trithemis furva and T. dorsalis are indistin-
guishable in the field and were grouped as T. furva/T.
dorsalis, although voucher specimens suggest they were
all T. furva. Dragonfly assemblages at each of the 725
SUs were assessed by scanning with close-focus binoc-
ulars while walking slowly and stopping as appropriate
along each 15-m-long SU for a minimum 10 min until all
observed individuals were counted. Unaided visual scan-
ning is 100% accurate for Anisoptera and 80% accurate
for Zygoptera (Moore 1991) and even more accurate for
Zygoptera when using close-focus binoculars. Visual sur-
veys were conducted on fine, windless days between
11:00 and 15:00 to ensure maximum activity.
We classified riparian vegetation into broad categories:
alien Acacia spp.; alien Eucalyptus spp.; tall indige-
nous trees (mostly M. angustifolia and B. stellatifolium);
grasses (including sedges); and Prionium and short
indigenous vegetation (including ericoid and proteoid
fynbos shrubs, such as Erica caffra and Brachylaena
neriifolia).
We measured environmental variables (EVs) at each of
the 78 sites. Such a large number of EVs was included to
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ensure identification of those most likely to be important
determinants of the dragonfly assemblage patterns. We
included, for example, river system (increasing latitude:
Rondegat, Witte, Molenaars, Holsloot, all were within 17′
of each other); disturbance regime (natural, near-natural,
cleared, alien, dense alien); dissolved oxygen, temper-
ature, pH, and electrical conductivity (measured with a
556 MPS water analyzer (YSI, Yellow Springs, Ohio); flow
(time for a floating object to be carried five m); mean
width and depth of river; percent of cobbles, gravel, and
sand in river substrate; percent cover of each vegetation
category in a 3-m wide swath along the river bank; per-
cent cover of exposed rocks in river that could be used
as perch sites; percent cover of exposed soil on banks
in a 1-m swath of river bank; percent shading of river
by riparian vegetation (100–0% sky in the canopy over
water); percent canopy cover (percent river covered by
trees); percent water surface with riffles (broken flow)
and pools (no visible flow); and total suspended solids. To
measure total suspended solids, we collected river water
from high-flow areas and filtered it through preweighed
45 μm GF/F filters within 24 h of sampling. Filters were
oven dried at 40 ◦C for 24 h and reweighed. The differ-
ence between weights before and after drying was the
value for total suspended solids.
Data Analyses
Mean abundance and species richness were calculated
for alien, cleared, and natural sites in all five rivers. To
determine “high-quality” species assemblages, such as
those with endemic species, one has to go beyond simply
species richness measures and consider the taxonomic
composition of the assemblages. Given two assemblages
with identical numbers of species and equivalent patterns
of species abundance, but differing in the taxa to which
they belong, the most taxonomically varied assemblage
will be the most diverse. A measure of these differences
is “average taxonomic distinctness” (∗) (Clarke & War-
wick 2001a). We calculated ∗ with PRIMER (version 5;
Clarke & Warwick 2001b). Analysis of variance (ANOVA)
and Student’s t test were used to compare means.
Next we classified sites on the basis of relative abun-
dance of the different species with multidimensional scal-
ing (MDS) in PRIMER (version 5.0). Before doing this, we
pooled, averaged, and transformed to the square root
data from the rivers to remove heterogeneity of variance.
We identified species assemblages responsible for site
clusters. This was done with SIMPER (similarity percent-
ages), which calculates the percent contribution each
species makes to average dissimilarity between habitat
clusters and identifies important species. We assigned
probability values to these results with analysis of simi-
larity (ANOSIM; Clarke & Warwick 2001b).
To test the response of dragonflies to the vegetation
differences, we used “indicator species.” These species
were identified for each habitat cluster with the indica-
tor value (IndVal) method (Dufrêne & Legendre 1997),
which combines specificity of a species (uniqueness to a
particular habitat type) and its fidelity (frequency within
that habitat type). Species with both a high specificity
(Aij) and fidelity (Bij) to a habitat type have a high in-
dicator value. An IndVal is calculated as follows: Aij =
nij/nsi., where nij is the mean number of individuals of
species i across sites of group j, and ni is the sum of the
mean number of individuals of species i over all groups;
Bij = Nij/Nj, where Nij is the number of sites in cluster
(habitat) j where species i is present, and Nj is the to-
tal number of sites in that cluster. The percent indicator
value for species i in cluster j is IndValij = Aij × Bij ×
100. We calculated IndVal for each species. Dufrêne and
Legendre’s (1997) random reallocation procedure was
used to test significance of the IndVal measure for each
species. We regarded species with IndVal values >70%
(subjective choice) as characteristic indicator species for
that habitat and species with medium-range IndVal val-
ues (50–70%) as less indicative or ‘‘detector’’ species, as
defined by Dufrêne and Legendre (1997).
We determined which EVs were responsible for the
patterns seen among the clusters. This was done with
a canonical correspondence analysis (CCA) in CANOCO
(version 4.5). In addition to overall CCA, we also per-
formed a partial ordination to eliminate among-river ef-
fects (because rivers can vary in their assemblages). This
was achieved by specifying “river” as a covariable. We
used forward selection to rank EVs in order of impor-
tance according to their eigenvalues (i.e., variation in
species data accounted for by that variable). Monte Carlo
permutation tests, with 199 unrestricted random permu-
tations, were performed to test the statistical significance
of EVs (individually and collectively) on species distribu-
tion patterns.
Results
Overall Species Richness and Abundance
We recorded 1282 Zygoptera and 1076 Anisoptera indi-
viduals in 23 species (Table 1). Species richness, abun-
dance, and taxonomic distinctness differed significantly
among disturbance regimes (F2,297 > 14, p < 0.001).
Mean abundance and species richness were greatest in
cleared sites (Table 1), the latter significantly so, whereas
natural sites had the highest average taxonomic distinct-
ness. Natural and cleared sites differed significantly from
each other in mean abundance, but not in species rich-
ness and taxonomic distinctness. Alien sites had signif-
icantly lower mean species richness and average taxo-
nomic distinctness than either cleared or natural sites.
National endemic zygopterans were mostly more com-
mon in natural sites than were any of the widespread
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Table 1. Odonata sampled in the three disturbance regimes (natural, cleared, and alien vegetation) and arranged in descending order of total
abundance within each suborder.
Natural Cleared Alien Total
mean (SD)b mean (SD)b mean (SD)b number of
Speciesa n = 80 n = 116 n = 104 individuals
Zygoptera
Pseudagrion kersteni 0.03 (0.16) 2.82 (4.86) n,a 0.43 (0.95) 374
Pseudagrion furcigerum
∗ ∗ ∗
1.54 (2.47) a 1.22 (2.30) a 0.25 (0.65) 290
Elattoneura frenulata
∗ ∗
1.60 (2.08) c,a 0.69 (1.23) a 0.10 (0.33) 218
Chlorolestes umbratus
∗ ∗
(R) 0.73 (2.00) c 0.03 (0.21) 0.67 (2.05) c 131
Allocnemis leucosticta
∗
0.94 (1.29) c,a 0.09 (0.34) 0.07 (0.29) 92
Elattoneura glauca 0.16 (0.56) 0.37 (1.37) n 0.14 (0.46) 70
Pseudagrion draconis
∗
0.14 (0.44) a 0.32 (0.91) a 0.20 (0.77) 68
Platycypha fitzsimonsi 0.05 (0.31) 0.10 (0.60) 0.04 (0.24) 19
Ischnura senagalensis 0.06 (0.29) 0.05 (0.22) 0.03 (0.17) 14
Ceriagrion glabrum 0 0.05 (0.32) 0 6




1.00 (1.01) a 1.42 (1.05) n,a 0.60 (0.81) 307
Aeshna subpupillata
∗
0.63 (0.97) a 0.98 (1.34) a 0.32 (0.91) 197
Orthetrum julia capicola
∗ ∗
0.36 (0.56) 0.95 (1.38) n,a 0.31 (0.59) 171
Anax speratus 0.46 (0.55) a 0.56 (0.53) a 0.16 (0.37) 119
Trithemis arteriosa 0.15 (0.39) a 0.59 (0.92) n,a 0.30 (0.70) 111
Paragomphus cognatus 0.23 (0.50) a 0.24 (0.45) a 0.08 (0.33) 54
Crocothemis sanguinolenta 0.16 (0.37) a 0.25 (0.51) a 0.02 (0.14) 44
Zygonyx natalensis 0.21 (0.52) a 0.07 (0.26) 0.07 (0.25) 32
Anax imperator mauritianus 0.03 (0.16) 0.10 (0.31) 0.03 (0.17) 17
Trithemis stictica 0.09 (0.33) a 0.03 (0.18) 0 11
Tramea limbata 0 0.04 (0.20) n,a 0.01 (0.10) 6
Palpopleura jucunda 0 0.05 (0.22) n,a 0 6
Ceratogomphus pictus 0 0.01 (0.09) 0 1
total 3.32 5.29 1.88 1076
Mean total abundance of Odonata per
sample F2,297 = 43.4, p < 0.001
8.55 (1.05) 11.03 (1.11) a,n 3.81 (0.59)
Mean number of Odonata species per
sample F2,297 = 28.27, p < 0.001
4.66 (2.20)a 5.15 (2.13) a 2.42 (2.11)
Average taxonomic distinctness (
∗
)
F2,297 = 14.78, p < 0.001







, Western Cape Province; R, rare.
bLetters indicate means that are significantly higher than natural (n), cleared (c), or alien (a) means (p < 0.05).
species and together (799 individuals) contributed 62.3%
of total abundance. Mostly widespread species were
abundant in cleared sites (p < 0.05) (Table 1). Only two
zygopterans, Pseudagrion furcigerum and P. kersteni,
were frequent in cleared sites. Widespread, eurytopic
P. kersteni was the only species that had its highest inci-
dence in alien sites. The widespread and common species
Trithemis stictica was absent from alien sites. T. furva/
T. dorsalis, Anax speratus, and Orthetrum julia capi-
cola were common in all the three disturbance regimes,
whereas most Zygoptera species had high incidences in
only one or two disturbance regimes.
Among-River versus Disturbance Regime
Mean abundance, species richness, and average taxo-
nomic distinctiveness all differed significantly (p < 0.001)
for natural, cleared, and alien sites (Table 1). The MDS or-
dination of sites on species showed grouping according
to disturbance regime, with the exception of one alien
site (Fig. 1a). There was similarity between cleared and
natural sites and dissimilarity between dense alien sites
and all other sites. Medium-dense alien sites varied con-
siderably, several of which were similar to cleared and
natural sites.
With the exception of the Molenaars and Witte alien
sites, there was a more pronounced grouping by dis-
turbance regime (Fig. 1a) than by river (Fig. 1b). The
ANOSIM analysis yielded no overall significant difference
among rivers (R = 0.012, p = 0.3). Furthermore, ANOVA
of species richness also revealed no significant difference
among rivers (p = 0.16) and neither did Student t tests
(p > 0.05).
Assemblage Patterns
Natural sites had many abundant endemic species
(Table 2). In contrast, in cleared sites about half the
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Figure 1. Multidimensional scaling ordination of sites
on the basis of Odonata abundance data. Grouping is
according to (a) alien disturbance regime and (b)
river system.
species (80% of abundance in the SIMPER analysis) were
endemic and half widespread (Table 2). Dense alien sites
had only two species, Chlorolestes umbratus and O. j.
capicola, both localized endemics.
The endemic Allocnemis leucosticta associated with
tall indigenous trees, but not with alien cover. Two other
endemics, Elattoneura frenulata and Aeshna subpupil-
lata were in sunlit conditions with indigenous vegeta-
tion. Again, C. umbratus was an outlier and was asso-
ciated with dense alien cover and exposed banks, all
typical conditions in dense alien sites. The endemics P.
furcigerum and O. j. capicola were in Prionium and
near-natural vegetation and occasionally in areas with lit-
tle shade and alien trees. Four widespread species, P.
kersteni, T. arteriosa, C. sanguinolenta, and A. spera-
tus, occurred in grass, sedge, short indigenous vegeta-
tion, and in cleared and less dense alien sites. T. furva/T.
dorsalis was associated with sunny conditions and in-
digenous vegetation.
In both SIMPER and CCA, A. leucosticta, A. subpupil-
lata, and E. frenulata were associated with natural sites
(Table 2). Sixty-seven percent of natural sites had all
three species and 33% had two of the three species. A.
leucosticta was the only species present in all natural
sites (near-natural sites excluded). In cleared sites there
was greater complementarity. Ten percent of sites had all
three species, 19% had two species, and where only one
species occurred, this species was never A. leucosticta.
E. frenulata was present in all near-natural sites and thus
was more common than the other two species in cleared
and near-natural sites (Table 2). The three species never
occurred together in near-natural, alien, or dense alien
sites.
The main species differences between natural and
cleared sites were for the endemics A. leucosticta, P.
Table 2. Characteristic species of Odonata for each disturbance regime (and dominant vegetation type) on the basis of SIMPER analyses.a
Natural (tall Near natural Alien (medium Dense alien








































aOnly abundant species that cumulatively contributed up to 80% of abundance are recorded.
bNational endemic species.
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Table 3. Canonical correlation coefficients between environmental variables and the first two axes of the canonical correspondence analysis of
Odonata species sampled from four rivers.
∗
Canonical coefficient
Variable Eigenvalue axis 1 axis 2 p
Exposed banks (%) 0.15 0.625 −0.014 0.002
Disturbance regime 0.12 0.435 −0.456 0.002
Dissolved oxygen 0.11 −0.289 0.511 0.002
Ph 0.10 −0.317 0.420 0.002
Tall indigenous trees (%) 0.09 −0.135 0.573 0.002
Canopy cover/shade (%) 0.09 0.480 0.051 0.002
Width 0.09 −0.170 0.505 0.002
Depth 0.09 0.119 0.531 0.002
Total suspended solids (TSS) 0.08 −0.048 −0.427 0.002
Conductivity 0.08 −0.042 −0.386 0.004
River system 0.07 −0.004 −0.385 0.002
Eucalyptus cover (%) 0.06 −0.187 −0.251 0.008
Flow 0.05 0.273 0.177 0.012
Grasses and sedges (%) 0.05 −0.103 −0.144 0.016
Alien cover (Acacia) (%) 0.05 0.265 −0.160 0.014
Cobbles (%) 0.05 −0.002 0.325 0.018
Prionium (%) 0.05 0.035 −0.122 0.018
Water temperature 0.04 −0.054 −0.171 0.034
Pool (%) 0.04 −0.067 −0.321 0.030
Gravel and sand (%) 0.04 −0.294 −0.050 >0.05
Exposed rocks (%) 0.04 −0.134 0.177 >0.05
Short indigenous fynbos (%) 0.03 −0.185 −0.122 >0.05
Riffle (%) 0.03 0.247 −0.040 >0.05
∗
Environmental variables are arranged in descending order of importance (according to the fit of each variable, taken singly, indicated by its
eigenvalue). The p is significance level of the effect, as obtained from the Monte Carlo permutation test. Canopy cover and shade were highly
co-correlated and therefore were considered as a single variable.
furcigerum, A. subpupillata, and E. frenulata (7.24%
dissimilarity). Distinguishing species in natural and alien
sites included A. leucosticta, E. frenulata, T. furva/T.
dorsalis, and A. subpupillata (10.33% dissimilarity). Dis-
tinguishing species for cleared and alien sites were T.
furva/T. dorsalis, P. furcigerum, E. frenulata, and O. ju-
lia capicola (9.29% dissimilarity). These are all potential
indicator species and were analyzed further with IndVal
method.
Indicator Species
A. leucosticta (IndVal = 72.4) was an indicator species
for natural (tall indigenous) sites, whereas P. furcigerum
(IndVal = 67.47) was a detector species for near-natural
(Prionium) sites. P. furcigerum was abundant in Prion-
ium and short indigenous vegetation but not among tall
indigenous trees (with less Prionium). A. subpupillata
and E. frenulata were more evenly distributed across
vegetation types. E. frenulata, A. leucosticta, and A. sub-
pupillata were all abundant in natural sites with tall in-
digenous trees, although A. subpupillata and E. frenu-
lata were less specific. E. frenulata was most abundant
in Prionium.
Environmental Effects on Assemblage Patterns
The EVs that most affected species distribution pat-
terns were (in descending order of importance) exposed
banks, disturbance regime, dissolved oxygen, pH, tall in-
digenous vegetation, canopy cover (and therefore shade),
width, depth, suspended solids, conductivity, and river
system (Table 3). All were statistically significant (p <
0.01).
Eigenvalue differences between the first two CCA axes
were minor (Table 3) and correlated with at least the first
two axes of each ordination, indicating that, although
there were some important EVs, many contributed to the
first axis (F = 11.296, p = 0.002) and overall ordina-
tion (F = 3.799, p = 0.002). Species–EV correlation was
strong (>0.87 on all axes), and the measured EVs were
responsible for most variation in species patterns (cumu-
lative percent variance of species data and species–EV
relations 77.6%) (Table 3). Total inertia was 1.13.
These results included differences in influential EVs
among rivers (compare with the nonsignificant differ-
ences in dragonfly assemblages above; Fig. 1b). After
factoring out among-river effects (Table 4), important
EVs were (in descending order) percent bank expo-
sure, canopy cover, suspended solids, and disturbance
regime. Dissolved oxygen, pH, height of indigenous veg-
etation, width, and conductivity were less important,
which suggests these EVs largely explained geograph-
ical differences in species abundance patterns, rather
than alien disturbance effects. Canopy cover, suspended
solids, flow rate, and percent cover of grasses and Pri-
onium increased in importance at within-river level.
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Table 4. Canonical correlation coefficients between environmental variables and the first two axes of the canonical correspondence analysis of
Odonata species sampled from all rivers.
∗
Canonical coefficient
Variable Eigenvalue axis 1 axis 2 p
Exposed bank (%) 0.13 0.634 −0.074 0.002
Canopy cover/shade (%) 0.11 0.485 0.018 0.002
Total suspended solids (TSS) 0.09 −0.049 −0.631 0.002
Disturbance regime 0.07 0.441 −0.455 0.002
Depth 0.07 0.124 0.451 0.004
Flow 0.07 0.284 0.277 0.002
Grasses and sedges (%) 0.06 −0.105 −0.080 0.006
Width 0.06 −0.210 0.342 0.012
Alien cover (Acacia) (%) 0.05 0.266 −0.201 0.004
Pool (%) 0.05 −0.069 −0.417 0.006
Prionium (%) 0.05 0.038 −0.330 0.018
pH 0.05 −0.342 0.386 0.032
Cobbles (%) 0.05 −0.002 0.372 0.020
Conductivity 0.04 −0.046 −0.194 0.002
Dissolved oxygen 0.04 −0.346 0.351 0.008
Riffle (%) 0.04 0.120 0.308 0.002
Exposed rocks (%) 0.04 −0.138 0.321 0.040
Tall indigenous trees (%) 0.04 −0.181 0.451 0.018
Eucalyptus cover (%) 0.04 −0.206 −0.060 0.010
Water temperature 0.02 −0.054 −0.077 >0.05
Short indigenous fynbos (%) 0.02 −0.192 −0.002 >0.05
Gravel and sand (%) 0.01 −0.296 −0.005 >0.05
∗
The geographical effects across rivers were partitioned by using the river-system class variable as a covariable. Environmental variables are
arranged in descending order of importance (according to the fit indicated by the eigenvalues). The p is significance level of the effect, as
obtained from the Monte Carlo permutation test. Canopy cover and shade were highly co-correlated and therefore were considered as a single
variable.
Exposed rocks also had a significant effect at this level,
but short indigenous vegetation did not.
Without the EV river system, the Monte Carlo test again
confirmed that measured EVs accounted for significant
variation of the first axis (F = 11.49, p = 0.004) and
overall ordination (F = 3.36, p = 0.002). Species–EV cor-
relation was strong (>0.72 on all axes), and the measured
EVs were responsible for most of the variation in species
patterns (cumulative percent variance of species data and
species–EV relations 79.3%). Total inertia was 1.13.
Bank exposure and canopy cover both correlated
strongly with axis 1 (Fig. 2), which was more important
than axis 2 in explaining observed species distributions
(eigenvalues 0.38 and 0.31, respectively). Suspended
solids, percent tall indigenous trees, disturbance regime,
and depth were strongly correlated with the second axis.
Shade and canopy cover were strongly co-correlated (r =
0.87) and were therefore treated as a single variable in
the ordination.
Species distribution patterns grouped according to dis-
turbance regime. Species assemblages in dense alien sites
(>70% alien cover) were associated with above-average
canopy cover, exposed banks, and high flow rate. Less
dense alien sites had very similar species assemblages
and species–EV relations to cleared sites. Species assem-
blages in these sites were associated with an abundance
of short indigenous vegetation and grasses and sunlit con-
ditions with high temperatures, suspended solids, and
conductivity. In general, species assemblages in natu-
ral sites were associated with high oxygen levels, high
pH, and tall indigenous tree cover (Fig. 2). Mean tem-
perature, conductivity, suspended solids, bank exposure,
and percent cover of grasses, Prionium and short indige-
nous vegetation were all below average in natural sites,
EVs of which were associated with high levels of alien
trees, bank exposure, and canopy cover. In near-natural
sites, species patterns were associated with high levels of
Prionium.
Discussion
Species Richness, Abundance, and Recovery
Absence of marginal vegetation is usually associated with
low abundance of larval and adult dragonflies (Ormerod
et al. 1990; Osborn & Samways 1996), and there is a de-
cline in abundance when marginal vegetation dies back
in drought (Moore 1991). Conversely, there is higher
species richness and abundance with increasing reed
cover. Our results are consistent with these findings.
Alien tree removal led to greater exposure to sunlight and
rapid regrowth of marginal vegetation (initially mainly
grasses and sedges), which offered a greater array of mi-
crohabitats in which more individuals and species were
supported.
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Figure 2. Correspondence analysis




regimes in the four rivers.
Eigenvalues are given in Table 4.
Among-river effects were
partitioned on the basis of the
river-system class variable as a
covariable.
High abundance and species richness in cleared sites
suggest postclearing recovery. Natural and cleared sites
were more similar to each other than to alien sites, which
confirmed that clearing initiated recovery and did not
exacerbate disturbance, in accordance with the inter-
mediate disturbance hypothesis (Connell 1978) that pre-
dicts maximal species diversity between the extremes of
high stress (alien invasion) and complete stability (natural
sites).
Although abundance was significantly lower in alien
sites, species richness often matched that of natural sites.
This was unexpected because results of studies of ter-
restrial insects show that species richness is lower un-
der alien trees (Samways et al. 1996). This discrepancy
arises because the dragonflies we surveyed prefer high
sunlight levels. Sunlit, partially cleared, and lightly in-
vaded alien sites had more understory plants than dense
alien sites. Dragonflies respond positively to these con-
ditions (Ormerod et al. 1990, but see Cordero Rivera
2006), which resulted in species richness being high in
partially cleared and sunlit alien sites. This was because
the mixture of vegetation types increased the range of
plant, sun, and shade microhabitats available and, hence,
increased the number of species (as found by Paulson
(2006)). Species characteristic of open habitats (e.g., T.
furva and A. speratus) were found in lightly infested
alien and sunny natural sites. Because dense alien sites
were all highly shaded, with very little (or no) understory
vegetation, these sites had the lowest abundance and
species richness. Thus, even partial clearing can initiate
recovery.
Environmental Drivers of Species Assemblages
Species distribution patterns corresponded primarily to
physiognomic effects of alien invasion and clearing. Phys-
ical factors (conductivity, oxygen, pH, width) largely ex-
plained between-river differences. Physical factors may
also have affected larval distribution patterns because
alien trees and their leaf litter affect nutrient content,
pH, and water chemistry (Graça 2006).
Plant physiognomy can be more important in influ-
encing invertebrate assemblages than whether the plant
is alien or indigenous (Smith et al. 2007). Shade is
also more important than alien type per se (Kinvig
& Samways 2000). We confirmed the importance of
shade, which was co-correlated with canopy cover in
influencing species assemblages, whereas actual type of
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vegetation was less important, as on Mayotte Island
(Samways 2003).
River Bank Condition
An important EV associated with alien trees was per-
cent river bank soil exposed to water, which equates to
level of marginal vegetation, especially understory macro-
phytes that cover banks. Marginal vegetation was absent
from dense alien sites. At within-river level, total sus-
pended solids were also important. Levels of total sus-
pended solids were above average in cleared and less
dense alien sites, which suggests clearing may result in
increased erosion and input of organic or inorganic de-
bris (Davies & Day 1998). Fires after clearing may also
increase amount of erodable plant debris and ash along
river margins. These factors, however, did not inhibit
recovery of dragonfly assemblages.
Vegetation Characteristics, Habitat Heterogeneity, and Plant
Succession
Distinct species assemblages were associated here with
each dominant vegetation type: tall indigenous veg-
etation, short fynbos shrubs, grasses, Prionium, and
alien trees. This means to maximize dragonfly diversity,
maximum habitat heterogeneity is required (Steytler &
Samways 1995; Stewart & Samways 1998). For riparian
rehabilitation, increasing habitat heterogeneity would en-
tail maximizing structural and compositional diversity of
indigenous plants, and providing both sunlit and shaded
conditions. Presence of some shade may be important
on very hot days for temperature regulation. Here, shade
was very important for the rare Chlorolestes umbratus.
Removal of alien plants initiates vegetation succession
from grasses and sedges to Prionium and to short in-
digenous vegetation. Dragonfly assemblage patterns fol-
low this succession, with some species spanning sev-
eral stages, although only the widespread generalist T.
furva/T. dorsalis spanned the entire range (Table 1). Os-
born and Samways (1996) similarly found that variables
that represented different ecological successional stages
influenced dragonfly assemblage patterns at newly colo-
nized ponds.
Abundance and diversity of arthropods can increase
with successional age through an increase in plant struc-
tural diversity (Sternberg 1994). Consequently, manage-
ment of successional stages maintains diversity for in-
sect conservation, and staggered felling of commercial
forestry trees maintains dragonfly diversity along rivers
(Samways & Steytler 1996). Our results suggest that re-
habilitation of cleared river margins should encourage
vegetation succession to increase habitat diversity and
therefore species diversity.
Endemic Species
Species with restricted geographical ranges are often vul-
nerable to disturbance. Therefore, relative proportions of
endemic versus widespread species can be used to make
conservation management decisions (Simaika & Samways
2009). Widespread eurytopic species are usually the first
to colonize new habitats (Davis 1989). In our study, there
were five species of this type. They were common in
cleared, natural, and some less dense alien sites. They
easily adapt to newly cleared grassy and Prionium sites.
Encouragingly, these cleared sites also had an abundance
of the regional endemics O. julia capicola and P. fur-
cigerum.
As in Samways and Steytler (1996), most of the eu-
rytopic species in newly cleared sites were Anisoptera;
there were a few Zygoptera. Unlike libellulid Anisoptera,
Zygoptera are mostly endophytic and may be more steno-
topic and therefore more affected by changes in vegeta-
tion type. Three of the stenotopic, endemic zygopter-
ans required indigenous bushes or trees, but so did the
endophytic anisopteran A. subpupillata (also a regional
endemic).
In addition to vegetation type, temperature fluctua-
tions may also affect the prevalence of stenotopic species
(Wilson & Yoshimura 1994). Here, eurytopic species
were more dominant in exposed, cleared sites, confirm-
ing that greater temperature fluctuations in cleared sites
favors eurytopic species, whereas stenotopic and en-
demic species may be deterred by this instability.
Rare Species
C. umbratus is rare, localized, and threatened by habitat
loss. This species and another endemic, O. julia capi-
cola, were recorded here in dense alien sites. C. umbra-
tus usually prefers indigenous trees, but where none are
available, it uses alien tree canopies as a substitute. A
similar response was observed in butterflies aggregating
on hilltops, where the amount of sunlight reaching the
forest floor was the significant environmental variable
for butterfly presence (Lawrence & Samways 2002). The
problem is that these alien trees shade out understory
vegetation, which reduces favorable perch (Prionium)
and oviposition sites (bushes) and brings into question
the ability of C. umbratus to breed successfully in this
alien habitat. Although removal of alien trees does not ap-
pear to be of immediate benefit (through lack of shade) to
C. umbratus, its occurrence in near-natural sites suggests
that longer-term recovery is possible, provided there is a
nearby source population in natural shade. This suggests
that felling of alien trees should be staggered over time to
minimize disruption of sun, shade, and bank conditions
while allowing establishment of perch and oviposition
sites. This reinforces the importance of prioritizing newly
invaded and less dense sites for alien clearing.
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Alien trees can deflect movement of butterflies (Wood
& Samways 1991) and dragonflies (Smith et al. 2007),
which emphasizes that clearing will also open up flight
paths.
Species Indicating Faunal Recovery
The various habitats shared many species; thus, few in-
dicator species complementary to the vegetation were
identified. Stenotopic A. leucosticta was the only indi-
cator of natural conditions, with tall indigenous trees as
dominant vegetation. Unlike most species, this was a re-
sponse to vegetation type, rather than to shade (Smith
et al. 2007). It was very rare in alien sites and strongly
associated with natural forest.
P. furcigerum, which is also stenotopic, abundant,
and easy to identify, is a potential detector species in
near-natural sites with extensive Prionium. Because it
decreases when the reed is shaded out by alien trees, this
species is useful for monitoring early stages of clearing,
although A. leucosticta would be more useful for detect-
ing recovery of fauna once indigenous trees establish.
Of the two, P. furcigerum is potentially more useful for
monitoring alien disturbance because it tracks the recov-
ery/invasion process with a gradual increase or decrease
in abundance and incidence. It also tracks the direction
of change (i.e., increases or decreases in response to re-
covery or deterioration). The number of rare, endemic
(e.g., C. umbratus), detector (P. furcigerum), and indi-
cator species (A. leucosticta) is a means of identifying
areas where faunal recovery is tracking vegetation re-
covery. Where these three species co-occur, return of
natural conditions is indicated in terms of restoration of
the odonate fauna.
Conclusions
Removal of invasive alien trees benefitted dragonfly abun-
dance and species richness; assemblages in cleared sites
resembled those of natural sites. Recovery was relatively
rapid (2 years or so), and even partial clearing of alien
stands had marked beneficial effects. Initial beneficia-
ries were geographically widespread species. Endemic
species appeared with establishment of plant structural
diversity. To restore these irreplaceable assemblages,
there needs to be a shift in emphasis from strict alien
clearing to a broader ecosystem restoration goal. We rec-
ommend that active protection, rehabilitation, and mon-
itoring be integrated into the program of alien tree re-
moval. More specifically, the program needs to: rehabili-
tate natural vegetation so that habitat heterogeneity and
plant diversity will provide for both stenotopic and eury-
topic species; protect highly biodiverse areas from alien
invasion; prevent fragmentation and isolation of popula-
tions, particularly within catchments, and optimize recol-
onization potential by removing alien plants and prevent-
ing their regrowth; and monitor the condition of rivers
on the basis of dragonfly assemblages, especially rare,
endemic, and indicator species, to evaluate postclearing
recovery of the fauna and to identify areas for protection
or clearing on an on-going basis.
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